Background: Esophageal squamous cell carcinoma (ESCC) is a highly malignant neoplasm. The glucocorticoid (GC)-glucocorticoid receptor (GR) pathway plays pivotal roles in cellular response to various stresses of tumor cells, including chemotherapy. However, the status of the GC-GR pathway in ESCC, including its correlation with chemotherapeutic responses, is largely unknown. Methods: GR, serum-and glucocorticoid-regulated kinase 1 (Sgk1), and N-myc down regulation gene 1 (NDRG1) were immunolocalized in 98 patients with ESCC who had undergone esophagectomy following neoadjuvant chemotherapy (NAC) with 2 courses of 5-fluorouracil + cisplatin. We also examined biopsy specimens before NAC in 42 cases and compared the results between those before and after NAC. Results: Overall survival (OS) of the patients treated with surgery following NAC was significantly shorter in the group with high GR than that with low GR status (P = 0.0473). Both OS and disease-free survival (DFS) were significantly shorter in both Sgk1-and NDRG1-high groups than in the low groups (OS: Sgk1, P = 0.0055; NDRG1, P = 0.0021; DFS: Sgk1, P = 0.0240; NDRG1, P = 0.0086). Biopsy specimens before NAC showed significantly shorter DFS in the high Sgk1 group (P = 0.0095), while both OS and DFS were shorter in the high NDRG1 group (OS, P = 0.0233; DFS, P = 0.0006) than in the respective low groups. In the high NDRG1 group of biopsy specimens before NAC, the tumor reduction rate by NAC was significantly attenuated (P = 0.021). Conclusions: High GR, Sgk1, and NDRG1 statuses in ESCC after NAC was significantly associated with an overall worse prognosis, with no significant changes in their expression levels before and after NAC. Therefore, increased activity of the GC-GR pathway with enhanced induction of Sgk1 and NDRG1 in carcinoma cells play pivotal roles in tumor progression and development of chemo-resistance in patients with ESCC undergoing NAC.
Background
Esophageal cancer is the eighth most common human malignancy and the sixth most common cause of cancer deaths worldwide [1] . The standard treatment consists of surgical resection of locally advanced esophageal squamous cell carcinoma (ESCC) following neoadjuvant chemotherapy (NAC) [2] . However, the therapeutic effects of chemotherapy widely vary among cases, and satisfactory therapeutic outcomes cannot be obtained in many patients who received NAC [3, 4] . Therefore, predicting the therapeutic effects of NAC before starting therapy would enable the patients to avoid unnecessary chemotherapy and its clinical complications before surgery. Therefore, new therapeutic modes, as well as novel surrogate markers for predicting the therapeutic efficacy of NAC, are currently required for patients with locally advanced ESCC.
The glucocorticoid (GC)-glucocorticoid receptor (GR) signal pathway is well known to play pivotal roles in cellular response to various stresses [5] . This pathway was also reported to be involved in the stress response of tumor cells and simultaneously reduce the effects of chemotherapy by enhancing cellular response to stress in various carcinoma cells [6] . However, the correlation between the activity of the GC-GR pathway and the effects of chemotherapy has not been reported in ESCC.
GR is one of the members of the nuclear receptor superfamily. It binds to its ligand (GC), moves into the nucleus, and regulates the expression of GR-related genes including serum-and glucocorticoid-regulated kinase 1 (Sgk1), resulting in anti-inflammatory effects and improving cell survival [7] . In addition, GR was also reported to be more abundant in squamous cell carcinoma than in other histological types of cancer [8, 9] . Sgk1, a member of the glucocorticoid-responsive protein kinase family, is one of the major downstream markers of the GC-GR pathway and is regulated by steroids, p53, growth factors, and multiple other factors such as DNA damages, cell contraction, and oxidative stress [10] [11] [12] [13] . Sgk1 is also known to regulate target genes, including N-myc down regulation gene 1 (NDRG1), which affects many physiological processes such as cell proliferation, differentiation, and apoptosis [14] [15] [16] . Sgk1 phosphorylates downstream NDRG1 and is involved in regulating tumor cell proliferation, differentiation, migration, and invasion [17] . However, the status of NDRG1 is also well known to be extremely varying between different carcinoma types. For instance, NDRG1 was reported to be downregulated in gastric [18] and colon [19] adenocarcinoma but upregulated in oral and pharyngeal squamous cell carcinoma [20] , cervical adenocarcinoma [21] , hepatocellular carcinoma [22] , and non-small cell lung carcinoma [23] . In ESCC, NDRG1 abundance in carcinoma cells was reported to be significantly associated with less pronounced tumor invasion [24] . NDRG1 was also recently reported to be symmetrically upregulated in carcinoma cells and associated with local progression and poor prognosis in the patients with ESCC [25] .
However, the correlations among GR, Sgk1, and NDRG1 have not been studied simultaneously among the same ESCC cases. Therefore, in this study, we evaluated the GR, Sgk1, and NDRG1 status in ESCC before and after NAC, and analyzed the clinical courses of the patients to assess the therapeutic efficacy of NAC and prognosis of the disease. We then attempted to clarify the potential involvement of the GC-GR pathway and identify markers for predicting the therapeutic efficacy of NAC before its administration in patients with locally advanced ESCC.
Methods

Patients
In this study, 98 ESCC patients were examined, all of whom underwent radical esophagectomy and regional lymph node dissection following NAC, according to the Japanese Clinical Oncology Group 9907 (JCOG9907) protocol at Tohoku University Hospital (Sendai, Japan) from April 2008 to December 2015 [3] . Among these 98 patients, biopsy specimens obtained prior to NAC were available in 42 cases. The specimens had been fixed in 10% neutral formalin for 36-48 h at room temperature and then embedded in paraffin wax. The sections were histologically examined according to the Eighth Edition of the Union for International Cancer Control tumor, node, and metastasis classification system [26] . The survival time of the patients was determined from the date of surgery until death, recurrence, or last censor. The current study protocol was approved by the Ethics Committee of the Tohoku University School of Medicine (Accession No. 2017-1-630), and informed consent was obtained from all patients prior to surgery.
NAC and esophagectomy
Preoperative chemotherapy was performed according to the JCOG 9907 protocol [3] as follows: continuous infusion of 80 mg/m 2 of cisplatin on days 1 and 22 and 5fluorouracil (5-FU) 800 mg/m 2 /day, 24 h per day on days 1-5 and 22-26. In addition, 29.7 mg dexamethasone was administered per course to prevent the potential side effects of chemotherapy.
The therapeutic effects of preoperative chemotherapy were evaluated according to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 [27] . The patients were tentatively classified according to the new guidelines for determining the therapeutic effects of the solid tumors as complete response (CR), partial response (PR), progressive disease (PD), and stable disease (SD) [27] . According to the evaluation method reported in the JCOG 9907 protocol, the sum of the maximum diameter of the primary lesion and shortest diameter of lymph node lesions exceeding 1.5 cm were measured before and after treatment [3] . The maximum diameter of the primary lesion in CT following NAC corresponded to the slice measured by CT before treatment [3] . CR was defined as disappearance of the primary lesion, PR as reduction by 30% or more in maximum diameter of the primary lesion, PD as increase by 20% or more in maximum diameter of the primary lesion, and SD as other than CR, PD, and PR. A total of 13 cases were excluded from further evaluation because of difficulties in obtaining these parameters of clinical measurement. Histopathological tumor regression was tentatively classified into the following five categories according to the Japanese Classification of Esophageal Cancer, eleventh edition: grade 3, markedly effective (no viable residual tumor cells); grade 2, moderately effective (less than one-third residual tumor cells); grade 1, slightly effective (1b, one-third to two-thirds residual tumor cells; 1a, more than two-thirds residual tumor cells); grade 0, ineffective (no therapeutic effects detected) [28] .
For esophagectomy, thoracoscopic esophageal subtotal excision, gastric tube reconstruction by hand-assisted laparoscopic technique or open laparotomy, and cervical esophagogastric anastomosis were performed with regional lymph node dissection.
Immunohistochemistry
Serial tissue sections of 4-μm thickness, containing the deepest area of the tumor invasion, were deparaffinized in xylene, rehydrated in graded alcohol, and immersed in 3.0% hydrogen peroxide in methanol for 10 min at room temperature to inhibit endogenous peroxidase activity. For antigen retrieval, the tissue slides for GR, Sgk1, and NDRG1 immunohistochemistry were heated in an autoclave at 121°C for 5 min in 0.01 M citrate buffer (pH 6.0). After washing three times for 5 min each in phosphate-buffered saline (PBS), the reacted slides were incubated in 1% normal goat serum for 30 min at room temperature to reduce nonspecific antibody binding and then incubated at 4°C overnight with rabbit monoclonal antibody against GR (D6H2L, Cell Signaling Technology, Danvers, MA, USA, diluted 1/400), Sgk1 (Y238, Abcam, Cambridge, UK, diluted 1/200), or NDRG1 (EPR5593, Abcam, diluted 1/400). The reacted sections were then washed three times for 5 min each in PBS, incubated with biotinylated anti-rabbit immunoglobulin (Nichirei Biosciences, Inc., Tokyo, Japan), washed three times for 5 min each in PBS, and incubated with peroxidase-labeled streptavidin (Nichirei Biosciences, Inc.) for 30 min at room temperature. Immunoreactivity was visualized with 3,3 ′ -diaminobenzidine, and the slides were counterstained with Mayer's hematoxylin, dehydrated in graded alcohol, and cleared in xylene. 
Evaluation of immunoreactivity
GR immunoreactivity was evaluated in the nuclei of tumor cells and Sgk1 and NDRG1 in the cytoplasm of tumor cells. All immunostained slides were independently evaluated by two of the authors (SU and FF) without prior knowledge of any clinicopathological variables of the patients. GR immunoreactivity was semi-quantitatively assessed by H-score or calculating the percentage of nuclear-stained tumor cells multiplied by the relative immunointensity (0, negative; 1, weak; 2, moderate; 3, marked) resulting in a score in the range 0-300 [29] . Sgk1 and NDRG1 immunoreactivity was semi-quantitatively assessed by immunoreactive score, which was calculated as the percentage of cytoplasm-positive tumor cells (< 10%: 0, 10-25%: 1, 25-50%: 2, 50-75%: 3, 75-100%: 4) multiplied by the intensity of immunoreactivity (0: negative, 1: weak, 2: moderate, 3: marked) resulting in a score in the range 0-12 [23] . We determined the optimal H-score and immunoreactive score cut-off values for the survival outcome of the patients using the receiver operating characteristic curve method [30] and established thresholds of 154 for GR, 5 for Sgk1, and 7 for NDRG1.
A score in the range of 0-154 was tentatively considered as low GR, while that in the range of 155-300 as high GR. A score in the range 0-5 was also tentatively classified as low Sgk1, and 6-12 as high Sgk1. A score in the range 0-7 was tentatively determined as low NDRG1 and 8-12 as high NDRG1.
Statistical analysis
JMP Pro version 13.2.0 software (SAS Institute, Inc., Cary, NC, USA) was used for all statistical analyses. Continuous Table 1 ). The status of GR was significantly correlated with the presence of vessel invasion (P = 0.016), that of Sgk1 with pT (P = 0.006) and pN (P < 0.001), pStage (P < 0.001), lymphovascular invasion (P = 0.003), RECIST grade (P = 0.007), and histopathological tumor regression grade (P = 0.037). The NDRG1 status was significantly correlated with pT (P < 0.001), pStage (P = 0.006), and lymphovascular invasion (P = 0.033).
Post-NAC status of GR, Sgk1, and NDRG1 in carcinoma cells and their correlation with patient survival
Five-year OS rate of the patients harboring high GR status was significantly shorter than those harboring low GR group (P = 0.0473) ( Fig. 2a ). In addition, significantly shorter 5-year OS and DFS were detected in the patients with high Sgk1 than in those with low Sgk1 (OS: P = 0.0055, DFS: P = 0.0240) ( Fig. 2c and d) . The 5-year OS and DFS were both significantly shorter in those with high NDRG1 than in those with low NDRG1 (OS: P = 0.0021, DFS: P = 0.0086) ( Fig. 2e and f) . Univariate analysis revealed that patient survival was significantly associated with pT (P = 0.0011) and pN (P = 0.0002), pStage (P = 0.0001), lymphatic invasion (P = 0.0260), vascular invasion (P = 0.0178), RECIST grade (P = 0.0015), histopathological tumor regression grade (P = 0.0432), high GR (P = 0.0479), high Sgk1 (P = 0.0054), and high NDRG1 (P = 0.0033) ( Table 2) . However, multivariate analysis demonstrated that pN was the only independent prognostic factor among all the variables examined (P = 0.0168) ( Table 3) .
Correlation among post-NAC GR, Sgk, and NDRG1 in ESCC A significant positive correlation was detected between post-NAC GR and Sgk1 or NDRG1 status in the tumor tissues (GR versus. Sgk1: P = 0.0084, GR versus. NDRG1: P = 0.0446). A significant positive correlation was also detected between post-NAC Sgk1 and NDRG1 status of the tumor tissues (P = 0.0009) ( (Table 5 ). Among these, the pre-NAC GR status in carcinoma cells was significantly correlated with pStage (P = 0.037), and pre-NAC NDRG1 status was significantly correlated with RECIST grade (P = 0.021) in the patients following NAC.
Correlation of pre-NAC GR, Sgk1, and NDRG1 status in carcinoma tissues with the survival of ESCC patients undergoing NAC There were no significant correlations between the pre-NAC GR status in carcinoma cells and the 5-year OS or DFS of ESCC patients (3A and B). However, a significantly shorter DFS was detected in those with high pre-NAC Sgk1 status compared to those with low status (P = 0.0095) ( Fig. 3d ). Significantly shorter OS and DFS were also detected in those with high pre-NAC NDRG1 status compared to those with low status (OS: P = 0.0233, DFS: P = 0.0006) ( Fig. 3e and f) .
Changes in GR, Sgk1, and NDRG1 before and after NAC
We examined the changes in GR, Sgk1, and NDRG1 before and after NAC in 42 patients. The results are summarized in Table 6 . The concordance rates before and after NAC were 69.0% (GR), 85.8% (Sgk1), and 73.8% (NDRG1), respectively. As summarized in Table 7 , we also performed a paired two-tailed bilateral t-test for the scores before and after NAC. The results are as follows: GR (t = 1.597, df = 41, P = 0.1178), Sgk1 (t = 1.723, df = 41, P = 0.0924), and NDRG1 (t = 1.274, df = 41, P = 0.2097). There were no significant changes in these scores above before and after NAC. Figure 4 demonstrates the correlation between the changes in GR, Sgk1, and NDRG1 scores before and after NAC and the histopathological tumor regression grade. There were no significant associations between the changes in GR or NDRG1 scores before and after NAC and the histopathological tumor regression grade. However, the Sgk1 score significantly increased following NAC in patients with a low histopathological tumor regression grade (P = 0.0021). Figure 5 demonstrates the correlation between the changes of GR, Sgk1 and NDRG1 scores before and after NAC and RECIST grade of the patients examined in this study. There were no significant associations between the changes in GR or NDRG1 scores before and after NAC and RECIST grade but the Sgk1 score significantly increased after NAC in the SD/PD groups (P = 0.0043).
Discussion
This is the first study to evaluate the status of GR, SgK1, and NDRG1 before and after NAC in ESCC patients. Notably, the high GR, Sgk1, and NDRG1 status in resected specimens were significantly associated with shorter OS in those undergoing NAC. A previous study reported no significant correlation between the GR status and the clinical outcome in ESCC patients [7] ; however, in the current study, we comprehensively evaluated Fig. 3 Kaplan-Meier curves pre-NAC GR, pre-NAC Sgk1, and pre-NAC NDRG1. a and b No significant difference in the 5-year overall survival(OS) and 5-year disease-free survival (DFS) were detected between those exhibiting high and low pre-NAC GR. c No significant differences in the OS were detected between those exhibiting high pre-NAC Sgk1 and low pre-NAC GR. d The 5-year DFS of those exhibiting high pre-NAC Sgk1 was significantly worse than those with low pre-NAC in carcinoma tissues. e The 5-year OS of those exhibiting high pre-NAC NDRG1 was significantly worse than those with low pre-NAC NDRG1. f The 5-year DFS of those exhibiting high pre-NAC NDRG1 expression was significantly worse than those with low pre-NAC NDRG1 in carcinoma tissues a The Same expression status group consisted of cases that belonged to the high expression group before and after NAC, or cases that belonged to the low expression group before and after NAC b The increased expression status group consisted of cases that belonged to the low expression group before NAC and high expression group after NAC c The decreased expression status group consisted of cases that belonged to the high expression group before NAC and low expression group after NAC GR immunoreactivity using the H-score. In addition, we also evaluated the NAC cases in which the GC-GR pathway could be more activated. This may account for the discrepancy between these two studies, but further investigations are required for confirmation. Sgk1 has not been studied in ESCC. We found that the Sgk1 status in carcinoma cells was not only significantly associated with shorter OS and DFS but also with more advanced pT, pN, and lymphatic vessel invasion in ESCC patients. Sgk1 is well known to activate betacatenin/T cell factor signaling in human non-small cell lung cancer, and to be associated with tumor cell invasion and migration [31] . Therefore, Sgk1 could also enhance tumor cell invasion and migration of ESCC, as reported for other human malignancies such as esophagogastric junctional adenocarcinoma [32] , colorectal cancer [33] , and non-small cell lung carcinoma [31] .
NDRG1 has been examined in ESCC [24, 25] . In our present study, a high NDRG1 status was significantly associated with shorter OS and DFS, higher pT, and local progression factors such as venous invasion in the patients, which is consistent with the results of previously reported studies [24, 25] . In addition, the Wnt pathway was also reported to be activated via NDRG1 and involved in epithelial-mesenchymal transition of ESCC tumor cells [25] . Results from our present study indicate that NDRG1 was activated via Sgk1 in ESCC undergoing NAC and thus could be involved in the local progression of the tumor.
We then examined the correlation between GR, Sgk1, and NDRG1 status before and after NAC and the clinicopathological factors of the ESCC patients. Differences were detected between post-and pre-NAC and this discrepancy is considered as a limitation of our present study as intratumoral heterogeneity was high and the number of biopsy specimens available for examination was rather small in this study. In addition, a high GR status in resected specimens, but not biopsy specimens, turned out as a poor prognostic factor. However, there were no significant changes in the GR score before and after chemotherapy. This may also be due to intratumoral heterogeneity but in breast cancer patients, steroid hormone receptor profiles were also reported to be different between pre-and post-chemotherapy [34] , and similar changes in GR may occur in ESCC patients but further investigations are required for clarification.
Furthermore, GR, Sgk1, and NDRG1 were all significantly correlated with prognosis when evaluated by univariate analysis. However, the results of multivariate analysis demonstrated that these factors were not independent predictors of patient outcomes. This discrepancy may be because GR, Sgk1, and NDRG1 were significantly correlated with each other in the patients examined in this study. In addition, both Sgk1 and NDRG1 were significantly correlated with established clinicopathological factors such as pT and pN in patients.
In our present study, a significant positive correlation was detected among GR, Sgk1, and NDRG1 status in ESCC cases examined. Sgk1 is activated by growth factors, DNA damages, cell contraction, and oxidative stress, in addition to the GC-GR pathway [10] [11] [12] . Fig. 4 The correlation between the changes in scores (Δ) of GR, Sgk1, NDRG1 and histopathological tumor regression grade were examined using the Wilcoxon test. a GR (P = 0.8439), b Sgk1 (P = 0.0021), C) NDRG1 (P = 0.4508) NDRG1 is also known to be activated by stress signals, oxidative balance [35] , DNA damages, increased p53 expression [36] , and hypoxia [37] , in addition to the GC-GR pathway. Therefore, Sgk1 and NDRG1 in ESCC carcinoma cells could be affected by various factors other than the GC-GR pathway, and further studies are required to clarify the GR-Sgk1-NDRG1 axis in ESCC.
In this study, we compared the GR, Sgk1, and NDRG1 status between ESCC before and after NAC to further clarify the significance of the GC-GR pathway in the therapeutic effects of NAC. A high NDRG1 status in carcinoma cells in pre-NAC biopsy specimens was significantly associated with lower NAC effects, and a high GR and Sgk1 status in carcinoma cells tended to be associated with lower NAC effect. In addition, a lower NAC effect was significantly associated with poor prognosis of ESCC patients examined. Therefore, these results suggest that NAC sensitivity was decreased in tumors with high expression of GR, Sgk1, and NDRG1, resulting in higher residual tumor cells and subsequent adverse clinical outcomes of patients. This also indicates that the efficacy of NAC could be predicted by analyzing the GR pathway.
We also examined whether a high NDRG1 status in biopsy specimens was significantly associated with decreased therapeutic effects of NAC in patients and observed no significant association. This may be due to the relatively small number of biopsy specimens. However, carcinoma tissues were not available for examination among resected specimens of ESCC patients who completely responded to NAC. In addition, the detailed molecular mechanisms underlying the GR-Sgk1-NDRG1 pathway-mediated resistance to NAC in ESCC patients has remained virtually unknown. Cell cycle arrest via the GC-GR pathway is well known to contribute to chemoresistance in cancer patients [38] . Factors including Sgk1 have also been considered as the cause of decreased sensitivity of cytotoxic drug therapy by activating the GC-GR pathway in hepatocellular carcinoma and colon adenocarcinoma [39] . Besides, GR-mediated Sgk1 activation suppressed tumor cell apoptosis in breast carcinoma cells [40] and NDRG1 was reported to be induced by Sgk1 to inhibit apoptosis in ESCC tumor cells [41] . These results above, as well as those from our present study, did indicate that the GR-Sgk1-NDRG1 pathway in ESCC could protect tumor cells from chemotherapyinduced apoptosis and mediate chemotherapy resistance.
We examined the changes in various factors before and after NAC to explore the effects of NAC and synthetic steroids administered during NAC on GR, SgK1, and NDRG1 expression. In particular, the administration of synthetic steroids during NAC was reported to induce chemotherapy resistance in patients with urological [42] and breast cancers [43] . Therefore, steroid administration is considered to reduce treatment sensitivity. However, in this study, there were no significant differences of GR, Sgk1, and NDRG1 scores before and after NAC, although the Sgk1 score after NAC was significantly higher in patients with low NAC treatment effects than those without. Therefore, the therapeutic effects of chemotherapy may be reduced in the Sgk1 high group by stress stimulation or synthetic steroids administered during NAC administration. However, there were no significant associations between the changes in GR and NDRG1 scores before and after NAC and the therapeutic effects of the patients. Therefore, further studies are required to clarify the effects of NAC and synthetic steroids administered during NAC on the GR, Sgk1, and NDRG1 status.
Conclusions
Our results suggest that the status of GR, Sgk1, and NDRG1 in ESCC patients undergoing NAC was significantly related to the treatment outcomes and that the GR-Sgk1-NDRG1 pathway in carcinoma cells of ESCC might be involved in the clinical effects of chemotherapy in these patients. Further, data from the study suggest the potential utility of GR, Sgk1 and NDRG1 as Fig. 5 The correlation between the changes in scores (Δ) of GR, Sgk1, NDRG1 and RECIST grade were examined using the Wilcoxon test. a GR (P = 0.7253), b Sgk1 (P = 0.0043), c NDRG1 (P = 0.4871) prognostic markers for ESCC patients undergoing NAC, though further validating study is needed. 
